Local populations of herbivore species that display variation in host plant use are subject to natural selection for improved ability to use their own host species. Since natural selection changes the frequency of alleles that control host use, genetic variation in growth performance on host plants may change with each generation of selection. Therefore, within-population variations in the ability to use dierent hosts may re¯ect past selective forces. The present study reports the genetic variation in growth performance in a population of the herbivorous ladybird beetle, Epilachna vigintioctomaculata Motschulsky (Coccinellidae, Epilachninae) on both the normal host and a novel host. The present study found higher heritabilities for growth performance on the novel host than the normal host. The dierence in heritabilities was caused by smaller among-family variance components on the normal host compared to those on the novel host. The results are compatible with the view that natural selection, which improved the ability of the population to use a particular host plant, has reduced genetic variation within that population in the ability to use that host plant. The pattern of reduced genetic variation in a population reared on the normal host observed in the present study is compared with that in another population, which showed local adaptation in the use of its own host plant. The eect of natural selection on diering host plant use on within-population genetic variation is discussed.
Introduction
Estimation of the magnitude of genetic variation both within and among populations is essential to understand the dynamics of host plant adaptation (Via, 1990) . Local populations of a polyphagous herbivore species found on dierent hosts may diverge, as each is subject to natural selection for improved ability to use its own host species. Therefore, variation in host plant use between populations can reveal patterns of local adaptation and suggests a response to past selective forces (Via, 1991) .
To understand the process of host plant adaptation in each population, however, requires elucidation of the presence and nature of genetic variation and covariation in diering host use within these populations. Evolutionary change depends on the amount of genetic variation in ®tness characters on each host, and the genetic covariance of the same ®tness characters across host species can substantially in¯uence the overall course of evolution through the joint eects of natural selection operating on the ®tness characters in dierent host environments, rather than simply resulting from selection on the character in a single host plant environment (Via & Lande, 1985) .
Since selection changes gene frequencies, genetic variation may change at each generation of selection.
Natural selection is thought to reduce genetic variation through the ®xation and elimination of alleles in the population. That continual selection leads to an evolutionary plateau has been con®rmed in experiments with small arti®cial populations (Yoo, 1980; Hill, 1982) . Here the reduced level of genetic variation due to selection limits the evolutionary response to further selection. However, the eects of selection on genetic variation for natural populations, where the eective population size is often quite large, have yet to be established (Stearns, 1992) . In a large population, it takes a long time for selection to eliminate genetic variation, and mutation will regenerate a certain amount of variation for polygenic characters. Mousseau & Ro (1987) and Ro & Mousseau (1987) compared the heritabilities of life history characters and of morphological characters, and a general trend of low genetic variance has been observed for life history characters.
For herbivorous insects, dierent host use among populations has been studied intensively (Rausher, 1982; Tabashnik, 1983; Hare & Kennedy, 1986; Scriber, 1986; Via, 1991 Via, , 1999 . Among these studies, those on Tephritid¯ies, for example, clearly revealed that there is strong disruptive selection for host plant use, and local populations have achieved dierent adaptive sets of life history characters through the close association with their host plants (Abrahamson & Weis, 1997; Feder et al., 1998) . Also, within-population genetic variation has been estimated for a wide range of species, and the results from these studies show that there is evolutionary potential for the use of dierent selective environments (Futuyma & Moreno, 1988; Jaenike, 1990; Via, 1990) . However, relatively few attempts have been made to compare the within-population variation in local populations that have adapted to use dierent hosts. To understand the dynamics of the evolutionary interaction between host plant and insects, it is important to know whether and how selection in¯uences subsequent evolutionary responses. The present study reports the genetic variation within a population of the herbivorous ladybird beetle, Epilachna vigintioctomaculata and discusses the role played by natural selection for dierent host plant use on the level of genetic variation maintained within the population.
Epilachna vigintioctomaculata is one of a group of closely related herbivorous ladybird beetles (the E. vigintioctomaculata complex) that have diversi®ed greatly in external morphology and host plant use in and around the Japanese Archipelago. Epilachna vigintioctomaculata inhabits Hokkaido (the main northern island) and the northern part of Honshu (the main central island) in Japan (Katakura, 1981) . Epilachna vigintioctomaculata feeds mainly on Solanum tuberosum L. (Solanaceae), the potato in crop ®elds. Although some additional plants in the family Solanaceae are subsidiarily used by adult beetles, larvae develop almost entirely on S. tuberosum (Katakura, 1981) . Some populations in Hokkaido are found on Schizopepon bryoniaefolius Maxim. (Cucurbitaceae) that typically grows in and around forests, but this host is not used as a host plant in Honshu. There has been an observation of adult beetles on this plant in the northernmost part of Honshu (Yasutomi & Fukuda, personal communication) , but no population that is dependent on S. bryoniaefolius has been found. Such variation suggests geographical variation in host plant use (Katakura, 1981) , as the populations on Hokkaido have depended and persisted on S. bryoniaefolius since their discovery in 1951 (Katakura, 1981) . Due to the dierence of the host plant habitat, migration between S. bryoniaefolius and S. tuberosum seems unlikely, and no population has been recorded that is dependent on both of these host plants (Katakura, 1975) . In a previous experiment, populations from Honshu and Hokkaido were reared on both their own and the other population's host plant. When reared on the same plant, beetles for whom it was the normal host performed better than beetles for whom it was a novel host (Ueno et al., 2001) . This suggested that the populations have achieved local adaptation in the use of their normal host.
Signi®cant genetic variation in the Honshu population has been detected for growth performance both on S. tuberosum and on S. bryoniaefolius (Ueno et al., 1999) . When amounts of genetic variation in growth performance on the host plants were compared, variation on S. tuberosum, the normal host of the Honshu population, was smaller than that on S. bryoniaefolius. The heritability estimates for larval period and pupal weight on S. tuberosum were 0.081 and 0.110, respectively, while the estimates for the analogous performance were 0.305 and 0.555 on S. bryoniaefolius. The particular interest in the present study is to estimate the level of genetic variation within the Hokkaido population and to detect whether a similar pattern of genetic variation exists, but in the opposite direction; and to test whether selection that has been imposed on the Hokkaido population to use S. bryoniaefolius, has reduced genetic variation in growth performance on S. bryoniaefolius when compared to genetic variation in growth performance on S. tuberosum.
Materials and methods
Epilachna vigintioctomaculata is a univoltine species. In June 1996, overwintered beetles were collected on S. bryoniaefolius at a suburb of Sapporo City, Hokkaido. The beetles were kept under 22°C, 16L±8D conditions, and these conditions were maintained throughout this experiment. The beetles were provided with fresh leaves of S. bryoniaefolius every other day. The ovipositions of egg clutches by the overwintered generation were checked and egg clutches were collected daily.
Full-sib families were made by con®ning a male and female pair in a plastic case. Since virtually all females would have copulated and stored sperm before collection, the experiment was started after at least three copulations for each female were con®rmed. This was done to ensure a high level of last male paternity. Thus, although the experiment was arranged as a split brood design, a full-sib family would have been virtually certain. In the following statistical calculations, larvae from each female were regarded as full-sib progenies, assuming complete last male paternity.
For each female, 40 eggs were collected from several egg clutches. Of these 40 eggs, 20 were reared on S. tuberosum and 20 on S. bryoniaefolius. These larvae were reared individually in a plastic case with a sheet of ®lter paper to keep adequate moisture. Fresh host plant leaves were supplied every other day. Larval development was checked daily. On the day of pupation, fresh weight was measured to 0.1 mg with a microbalance.
Survivorship was analysed using log-likelihood-ratio analysis to detect the eects of family, host and familyh ost interaction. Larval period and pupal weight were transformed to a logarithmic scale before analyses, and mixed-model ANOVA ANOVAs were performed to detect the contribution of the factors in the total variation in growth performance, setting family and family´host interaction as random, and sex and host as ®xed eects. With this statistical procedure, the variance component due to the family main eect detects the covariance in the performance across the host plants. When divided by the interaction, the family main eects with F-values above 97.5% indicate signi®cant positive genetic covariation, while those with F-values below 2.5% indicate signi®cant negative genetic covariation, at the 5% level (Fry, 1992) . Two further ANOVA ANOVAs were also performed to evaluate the among-family variance of performance on each host plant separately. All ANOVA ANOVAs were performed using PROC PROC GLM GLM in SAS SAS.
The PROC PROC VARCOMP VARCOMP in SAS SAS was used to estimate the proportion of phenotypic variation in growth performance attributable to the among-and within-family variances. Broad sense heritabilities were calculated using the variance components as h 2 2r 2 (Family)/ [r 2 (Family) + r 2 (Error)]. To compare variance components and heritabilities between host plants, the jackknife procedure was used (Lynch & Walsh, 1998) . Here, estimates were jackknifed with one family omitted each time so that the total number of iterations was equal to the number of families (Sokal & Rohlf, 1981) . To detect whether variance components and heritabilities dier between host plants, pseudovalues were analysed with a two-way ANOVA ANOVA with family and host as factors. Genetic correlation of the same performance character across the hosts was estimated using the family means as r m Cov(X,Y)/[Var(X)Var (Y)] 1/2 , where Cov(X,Y) is the covariance of the family mean of the character reared on one host plant and family mean of the same character reared on the other host, and Var(X) is the variance of the family mean on one host plant (Via, 1984; Via & Conner, 1995 
Results
In total, 421 beetles were obtained from 13 families. Log-likelihood-ratio analysis on survivorship did not detect any signi®cant eect for host, family nor familý host interaction (host: d.f. 1, G 0.53, P 0.467; family: d.f. 12, G 12.1, P 0.436; family´host: d.f. 12, G 10.0, P 0.614). Larval period and pupal weight were signi®cantly in¯uenced by host plants (Table 1) . Those reared on S. tuberosum, the novel host for the population, showed a shorter larval period than those reared on S. bryoniaefolius, the normal host. Larvae which were reared on S. tuberosum achieved heavier pupal weight than their siblings which were (Tables 1, 2) . The mixed-model ANOVA ANOVAs detected signi®cant familý host interaction for both the larval period and pupal weight. The family main eect in the mixed-model ANOVA ANOVAs, which indicates genetic covariance across hosts, was not signi®cant for the larval period and pupal weight with the two-tailed test (Table 2) . A strong family´host interaction was detected by the rank correlation plot of family mean (Fig. 1) . Here, the plot shows least squares mean of families adjusted for the eect of sex. Substantial changes in relative rank position were observed in some cases, and no signi®cant rank correlations were detected (larval period: r s )0.269, P > 0.05; pupal weight: r s 0.115, P > 0.05).
From the ANOVA ANOVA performed for growth performance on S. tuberosum and S. bryoniaefolius separately, signi®cant among-family variance was detected in each case (Table 3) . ANOVA ANOVA detected signi®cant among-family variance for both the larval period and pupal weight. There were large, although not signi®cant, dierences between the estimates of the among-family variance components between the hosts (larval period: d.f. 1, 12, F 0.610, P 0.450; pupal weight: d.f. 1, 12, F 1.038, P 0.328). For the within-family variance components, however, estimated dierences were very small for both traits (larval period: d.f. 1, 12, F 0.226, P 0.643; pupal weight: d.f. 1, 12, F 0.001, P 0.982) (Table 4) . Broad sense heritabilities were moderate for growth performances on S. tuberosum, and rather lower heritabilities were obtained for both the larval period and pupal weight on S. bryoniaefolius (Table 4) . These estimates also were not signi®cantly dierent (larval period: d.f. 1, 12, F 0.887, P 0.365; pupal weight: d.f. 1, 12, F 1.539, P 0.238).
The genetic correlation calculated with variance components re¯ected the above results of the mixedmodel ANOVA ANOVAs (Table 5 ). The genetic correlations for both components of growth performances were not dierent from zero. Estimated values of family mean genetic correlations (r m ) were in agreement with those based on variance components (r G ).
Discussion
The particular interest of the present study was to estimate genetic variation within the Hokkaido population and to detect the eects of past selection of host plant use on the pattern of within-population genetic variations. Although the estimates of variance components had large standard errors and statistical signi®-cance was not obtained, the present results found rather small among-family variance components in beetles raised on S. bryoniaefolius compared to those raised on S. tuberosum. The within-family variance components suggested no apparent dierence between host plants. The pattern of variance components resulted in higher estimated heritabilities for growth performances on S. tuberosum than those on S. bryoniaefolius. Furthermore, the performance characters were not genetically correlated across hosts, suggesting a dierent genetic basis for growth performance on each host, and thereby allowing genetic variations for growth performance on each host to change independently in the course of adaptation to use the host plants.
The genetic basis for host plant use indicated by the present results was consistent with the results from the Honshu population, which showed adaptation to use of the normal host, S. tuberosum. For the Honshu population, smaller among-family variance components were found on S. tuberosum than those on S. bryoniaefolius (Ueno et al., 1999) . Thus, both the Hokkaido and Honshu populations indicated smaller genetic variation in growth performance on their normal host species. These results may suggest the possibility that the natural selection on the two populations to use their host plant has reduced the level of genetic variation within each population.
The above results indicate that the ability to exploit the novel host is not likely to be genetically constrained either in terms of genetic variation or genetic correlation. A lack of genetic constraint has been suggested for other herbivorous species. When experiments were made on normal and novel host plants, previous experiments detected positive or no genetic correlation (Rausher, 1984; Via, 1984; Hare & Kennedy, 1986 ; James Table 4 Jackknife estimates for variance components (´100) for analyses in Table 3 and for broad sense heritabilities calculated using the variance component. Variance components were estimated using TYPE1 with host and sex as ®xed eects. The parameters were jackknifed with each family omitted once so that the total number of iterations was equal to the number of families. Standard errors are given in parentheses Karowe, 1990; Fox, 1993) , and signi®cant genetic variation in growth performance on each plant (Rausher, 1984; Hare & Kennedy, 1986) . These results and the results on E. vigintioctomaculata that suggest the general lack of genetic constraints, indicate that behavioural and ecological factors may be the primary in¯uence on host plant use and host range determination. A previous study that compared the growth performance of the Honshu and Hokkaido populations suggested dierential local adaptation to use S. tuberosum in the Honshu and S. bryoniaefolius in the Hokkaido population (Ueno et al., 2001) . The present results on the genetic structure of the Hokkaido population and of the Honshu population (Ueno et al., 1999) suggest that a genetic trade-o or absence of genetic variation is not responsible for the specialization of E. vigintioctomaculata in the use of dierent host plants. A mathematical model developed by Fry (1996) showed that a signi®cant genotype´host interaction could be sucient to allow the evolution of host specialization. The reduced among-family variation on host plants to which the beetles are locally adapted, possibly through selection, seems to be consistent with the evolutionary process of specialization suggested by the model of Fry (1996) , where the dierence in performance is generated by a higher rate of the ®xation of adaptive mutations on the specialized host and the accumulation of deleterious mutations on the other host.
It is also worthwhile to note that the direction of specialization in the model is dependent on which host is initially used by the greater fraction of the population (Fry, 1996) . Schizopepon bryoniaefolius is more abundant as a host resource for ladybird beetles in Hokkaido than in Honshu, possibly due to the cooler climatic conditions in Hokkaido. In Honshu, the distribution of S. bryoniaefolius is restricted to high altitude mountain regions (Satake et al., 1982) , and an E. vigintioctomaculata population dependent on S. bryoniaefolius has never been found. It is not possible to detect the ancestral distribution of the host plants de®nitively. However, if the pattern of host plant distribution was similar to the present distribution, it might be possible that the dierence in availability between host plants has led to the dierent direction of specialization found in the present species.
It is well known that the magnitude of genetic and environmental variance components changes with environmental conditions. In studies on size characters in birds, reduced heritable variation has been reported in nutritionally poor conditions (Van Noordwijk et al., 1988; Larsson, 1993; MerilaÈ , 1997) , and some speci®c host properties on genetic variation were reported in the cowpea weevil (Kawecki, 1995) . Although whether factors which are unrelated to past selective forces aect the genetic properties in E. vigintioctomaculata is not known, the consistent results from the two populations suggest that the eect of selection is predominant.
For life history characters, low genetic variance has generally been observed (Mousseau & Ro, 1987; Ro & Mousseau, 1987) . The low heritabilities of growth performance on the normal host plant estimated in the present study are compatible with the trend. It is important to note, however, that the signi®cant among-family variation detected on each host plant contains nonadditive sources of genetic variation. Thus, although the values provide an upper limit of genetic variation, the amount of additive genetic variation remains to be estimated.
